) is an important form of nitrogen nutrient for most plants, yet is also a stressor for many of them. However, the primary events of NH 4 + toxicity at the cellular level are still unclear. Here, we showed that NH 4 + toxicity can induce the root cell death in a temporal pattern which primarily occurs in the cells of root maturation and elongation zones, and then spreads to the cells in the meristem and root cap. The results from the NH 4 + -hypersensitive mutant hsn1 further confirmed our findings. Taken together, NH 4 + toxicity inhibits primary root growth by inhibiting cell elongation and division and inducing root cell death.
, 4 NH + is expected to be the preferred form of nutrient to plants. However, this ion has toxic effects on many plant species (Britto and Kronzucker, 2002) . Two of the most dramatic symptoms of ammonium toxicity were the chlorosis of leaves and the overall suppression of growth (Britto and Kronzucker, 2002) . Ammonium toxicity has also been linked to the damage to agricultural crops under certain ecological conditions (van Breemen and van Dijk, 1988 (Britto and Kronzucker, 2002) . None of these theories have yet been conclusively confirmed. One characteristic of ammonium syndrome is the inhibition of primary root growth when plants are exposed to higher 4 
NH
+ concentrations (Britto and Kronzucker, 2002; Qin et al., 2008) . Our previous study demonstrates that guanosine diphosphate (GDP)-mannose pyrophosphorylase (GMPase) is a genetic determinant of ammonium sensitivity in Arabidopsis (Qin et al., 2008) . The root growth is severely inhibited in the mutant hsn1 defective in GMPase grown in the growth medium with 
Materials and methods

Plant materials and growth conditions
The plant materials used in this work include wild type (WT) Arabidopsis thaliana and genetic mutant hsn1 (Col-0 ecotype) (Qin et al., 2008 light intensity, and a constant temperature of 20 °C. To observe marker expression in the hsn1 mutant, we examined F 3 seeds from a cross between hsn1 and the marker lines.
Measurement of root growth
Seeds on plates were kept at 4 °C for 2 d and then were placed vertically in a growth cabinet kept at 20 °C under continuous illumination. Only seedlings that germinated at the same time were used for root growth measurements.
Histochemical analysis
The histochemical stain for β-glucuronidase (GUS) activity and stain for Starch granules were performed according to prevenient papers (Jefferson et al., 1987; Fukaki et al., 1998) . The stained materials were cleared for 10 min in an 8:3:1 (v/v) mixture of chloral hydrate:water:glycerol (Willemsen et al., 1998) and photographed with a photomicroscope (Zeiss AxioCam HRC, Oberkochen, Germany). Starch granules in the columella root cap were visualized by staining with 1% (v/v) Lugol solution (Merck) for 3 min. The samples were rinsed with water, cleared with chloral hydrate, and imaged under a photomicroscope (Zeiss AxioCam HRC, Oberkochen, Germany).
For confocal scanning, roots were stained in 10 µg/ml propidium iodide (PI) solution for 5 min. The images were monitored by the LSM 510 (Carl Zeiss Co., Germany).
Cell viability assay
Cell viability was examined by detection of the green fluorescent dye fluorescein diacetate (FDA), of which fluorescence decreases as the dye leaks from dead cells (Bais et al., 2003) . The roots of seedlings were mounted in 10 ml of 20 µmol/L FDA water solution for 10 min, washed with distilled water, and then imaged for no more than 5 min. NO NH − + + medium (Qin et al., 2008) (Fig. 1a ).
Results
Effect
In the hsn1 mutant, as early as 2 DAG, an obvious inhibition of root cell elongation was observed in the (Fig. 1c) . However, when grown in the 4 NH + medium, the activity of CYCB1;1::GUS was obviously repressed at 3 DAG, and the activity was gradually reduced until nearly no dividing cell was detected at 10 DAG (Fig. 1c) (Fig. 3a) . Columella cells have starch granules, which can be stained by Lugol solution (Fukaki et al., 1998 It has been shown that the accumulation of auxin at the distal tip of root is required for the correct specification of cell division programs. Alteration of this auxin distal maximum or auxin transport produces defects in the cell fate and formation pattern (Sánchez-Calderón et al., 2005) . To determine whether the 4 NH + toxicity-mediated alteration in QC cell specification is related to changes of auxin, we visualized the auxin maximum in root tip using DR5::GUS report gene (Sabatini et al., 1999) and IAA2::GUS gene which expressed in the vasculature of the primary root and the root tip (Luschnig et al., 1998 (Luschnig et al., 1998; Sabatini et al., 1999 (Qin et al., 2008) . We also employed fluorescein diacetate (FDA; Sigma, St. Louis, USA) to examine the root cell viability. This dye is retained by living cells but leaks from dead cells, rendering them nonfluorescent (Bais et al., 2003) . When grown in the 3 4 NO NH − + + medium, the FDA fluorescence of WT primary root was relatively constant during 10 d (Fig. 4) . While, in the 4 NH + medium, the reductions of the FDA fluorescence in the mature zone and elongation zone were observed at 4 DAG, reflecting the loss of cell viability in these areas (Fig. 4) . Subsequently, loss of cell viability in root meristem zone and root cap was detected at 6 and 8 DAG, respectively. Finally, the FDA fluorescence was lost in the whole root at 10 DAG (Fig. 4) . A similar result was observed in the hsn1 mutant grown in the 3 4 NO NH − + + medium, root cell viability in the different root zones was also lost in a temporal manner during the 10-d growth period (Fig. 4) . These results suggested that loss of cell viability was also an important aspect of 4 NH + toxicity inhibition of root growth. 
Discussion
Although ammonium is one of the most important nutrients for plants, ammonium toxicity has been linked to the damage to agricultural crops, especially in areas with intensive agriculture. (Marschner, 1995) . Here, we demonstrate that the reduction in root length of plants (Fig. 4) . Most higher plants develop severe toxicity symptoms when grown on ammonium as the sole nitrogen source, and it can be alleviated by co-provision of nitrate (Britto and Kronzucker, 2002 Recent information showed that nutrientspecific signal transduction pathways exist in the root development. Some genes that involved in the nitrateand phosphate-signaling pathways have been identified (Zhang and Forde, 1998; Rubio et al., 2001; Miura et al., 2005) . GMPase, the only component discovered recently, is involved in hypersensitive response to ammonium (Qin et al., 2008) . The insights gained in this work may offer clues to aid in the understanding of the mechanism of 4 NH + toxicity among different plant families and species. Unraveling the mechanisms of nutrient-induced regulation of root architecture will enable us to increase the crop yield by manipulating the root architecture in field with unevenly distributed nutrients. These results have been repeated in three separate experiments
